A theoretical study of the excited states of the BrO radical has been carried out for the first time using high level ab initio molecular orbital methods. The vertical excitation energies for the low-lying excited states ͑2 2 ⌸, 1 2 ⌺ ϩ , 1 2 ⌺ Ϫ and 1 2 ⌬͒ are calculated using the internally contracted multireference configuration interaction ͑MRCI͒ method. Based on vertical excitation energies, the ordering of the first few excited states are determined to be 2 2 ⌸, 1 2 ⌬, 1 2 ⌺ Ϫ , and 1 2 ⌺ ϩ . The potential energy curves for the ground state (X 2 ⌸) and several low-lying excited states are examined at the MRCIϩQ/aug-cc-pVQZ level of theory. Several excited states are calculated to intersect the 2 2 ⌸ state, resulting in predissociation into Br( 2 P)ϩO( 3 P). Results for the quartet states of BrO are also included, as well as calculations of the effects of spin-orbit coupling on the electronic states of BrO.
I. INTRODUCTION
It is well known that BrO plays a significant role in the stratospheric catalytic destruction of O 3 via The second catalytic reaction cycle accounts for as much as 30% of the halogen-controlled loss of stratospheric ozone over Antarctica. 1 In light of its great importance for the atmosphere, BrO has been the focus of various experimental work. However, surprisingly, only a small amount of theoretical work has addressed the ground state of BrO.
The BrO radical has a 2 ⌸ ground state, which has been thoroughly investigated experimentally by microwave, 2, 3 infrared, 4 laser magnetic resonance, 5 and electron spin resonance 6 techniques. An accurate equilibrium rotational constant, bond length, vibrational frequency, and spin-orbit splitting constant are known. Most recently, Francisco et al. 7 performed ab initio calculations on the ground state of the BrO radical, its cation, and its anion. In their work, several electron correlation methods, including second-order Mo "ller-Plesset, fourth-order Mo "ller-Plesset, configuration interaction single double, and coupled cluster single double triple were used with three kinds of basis sets, namely 6-311G(2d f ), triple zeta double polarized ͑TZ2P͒, and atomic natural orbital sets.
For the BrO radical, the high-lying excited states, E 2 ⌺ (T e ϭ64 916 cm Ϫ1 ), F 2 ⌺ (T e ϭ67 420 cm
Ϫ1
), and G (T e ϭ70 441 cm Ϫ1 ), had been observed by Duignan and Hudgens 8 by a three-photon resonantly enhanced multiphoton ionization detection scheme at wavelengths between 417 and 474 nm. Recently, Delmdahl et al. 9 found another highlying excited state around 56 000 cm Ϫ1 using state-resolved two-photon laser induced fluorescence spectroscopy. Except for these studies, most of the attention has been focused on the first excited state, the A 2 ⌸, of the BrO radical. The X 2 ⌸→A 2 ⌸ absorption spectrum of BrO, extensively studied [10] [11] [12] [13] [14] [15] [16] and found to be in the 280-380 nm region with the strongest absorption feature around 338 nm, shows diffuse vibrational structure, which indicates predissociation. This 338 nm absorption feature has been often used to measure BrO in the atmosphere and in the laboratory. However, very little is known about the predissociation mechanism occurring throughout the 2 2 ⌸ ͑generally denoted as the A 2 ⌸͒ state. Ab initio methods have been demonstrated to be an important tool in studying photochemistry phenomena, and have been extensively applied to many very important species of interstellar clouds. In this work, we have investigated several low-lying excited states of BrO using high level ab initio methods, such as complete active space self-consistent field ͑CASSCF͒ and internally contracted multireference configuration interaction ͑MRCI͒.
II. COMPUTATIONAL METHODS
Initially the ground state (X 2 ⌸) of BrO was optimized at both the UCCSD͑T͒ 17 and internally contracted MRCI 18, 19 levels of theory with the cc-pVTZ basis set of Dunning and co-workers 20, 21 and a TZ2P͑2SP͒ basis set. The TZ2P͑2SP͒ is a triple-zeta double polarized ͑TZ2P͒ basis set with two sets of sp diffuse functions in a segmented contraction scheme. The generally contracted cc-pVTZ basis set consists of a ͓6s5 p3d1 f ͔ contraction on the Br atom 21 and ͓4s3 p2d1 f ͔ on the O atom. 20 The oxygen TZ2P basis set is comprised of Dunning's 22 5s3 p contraction with 2 d-type polarization functions taken from Dunning. 20 The Br TZ2P basis set is composed of a 6s5 p2d contraction of a 17s13p6d primitive set given by Schaefer, Huber, and Ahlrichs. 23 The exponents for the sp diffuse functions were determined using a procedure described in Ref. 24 . The resulting exponent values for the first set were 0.0896 and 0.0583 ͑s and p, respectively͒ for O and 0.0500 and 0.0391 ͑s and p͒ for Br. The second set were 0.0305 and 0.0203 for O and 0.0165 and 0.0148 for Br. In contrast to the cc-pVTZ set, the TZ2P͑2SP͒ basis set did not contain any f functions.
Employing these two basis sets, the vertical excitation energies for the first four excited states ͑2 CSFs for the A 2 state. The core molecular orbitals ͑8ϫa 1 , 3ϫb 1 , 3ϫb 2 , and 1ϫa 2 ͒ were constrained to be doubly occupied but fully optimized. The reference function for the subsequent MRCI calculations employed the same active space as in the CASSCF. With the TZ2P͑2SP͒ basis set, the number of variational parameters in the MRCI after internal contraction was 2 306 338 for the A 1 state, 2 302 786 for the B 1 and B 2 states, and 2 299 529 for the A 2 state. The sizes of the resulting MRCI calculations were slightly smaller with the cc-pVTZ basis set. Only the valence electrons were correlated. In all the calculations, the C 2v point group was used throughout.
Potential energy curves from rϭ2.95 to 6.05 bohr were calculated for a total of ten doublet states ͑2ϫ 27 was included for the approximate treatment of higher excitations (MRCIϩQ).
In order to ascertain the impact of spin-orbit ͑SO͒ coupling on the electronic states of BrO. SO calculations were carried out within the interacting states method. Using a segmented contraction version of the cc-pVTZ basis set 28 with diffuse sp functions from the standard aug-cc-pVTZ set, SO matrix elements were calculated at the MRCI level of theory ͑valence electrons correlated only͒ with the one-and twoelectron Breit-Pauli operator as implemented in the MOLPRO program. 29 The spin-orbit eigenstates were obtained by diagonalization of H el ϩH SO in a basis of eigenfunctions of H el . All sixteen electronic states described previously ͑ten doublets and six quartets͒ were included in the SO calculations, and the diagonal elements of H el ϩH SO were replaced by their MRCIϩQ/aug-cc-pVQZ values described previously. Additionally, in the calculation of the SO matrix elements, state averaged orbitals were used with equal weights for all states in order to obtain a common set of MOs.
The UCCSD͑T͒ geometry optimization was carried out with the GAUSSIAN 94 program, 30 while all of the CASSCF and internally contracted MRCI calculations have been performed using the MOLPRO 96 and 2000 suite of programs. Table I lists the optimized bond lengths of the BrO radical using the UCCSD͑T͒ and MRCI methods with the TZ2P͑2SP͒ and cc-pVTZ basis sets. The optimized values of 1.745 Å at the MRCI/TZ2P͑2SP͒ level and 1.743 Å at the UCCSD͑T͒/TZ2P͑2SP͒ level, respectively, are both consistent with the previously optimized value ͑1.746 Å at the UCCSD͑T͒/TZ2P level by Francisco et al., 7 indicating that the two sets of sp diffuse functions in the TZ2P͑2SP͒ basis set do not have a large effect. However, they are all larger by about 0.025 Å than the experimental value of 1.721 Å ͑SO averaged value͒.
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III. RESULTS AND DISCUSSION
A. Ground state of BrO
2 The optimized bond lengths with the ccpVTZ basis set are 1.735 and 1.732 Å for UCCSD͑T͒ and 
B. Doublet excited states of BrO
Vertical excitation energies
The dominate configuration state function and the square (C main 2 ) of its coefficient, as well as the sum of the squares of the coefficients (C ref 2 ) of all the reference CSFs for several of the doublet states studied, are listed in Table III . As shown in Table III , the sum of C ref 2 for all the states studied are around 0.91 to 0.93, which indicates the active orbital space for the CASSCF and MRCI calculations to be appropriate. In the main configurations, the core includes the nonbonding molecular orbitals formed by the 1s2s2p3s3 p3d of the Br atom and the 1s of the O atom. The 9 is the nonbonding molecular orbital mainly consisting of the 4s of the Br atom. The 10 is also a nonbonding MO, whose main component is the 2s of the O atom. The 11 is the bonding MO formed by the 2 p z of the O atom and the 4p z of the Br atom. The 1 orbitals are the bonding orbitals formed by the 2p orbitals ͑2 p x and 2p y ͒ of the O atom and the 4p orbitals ͑4p x and 4 p y ͒ of the Br atom. The 2 orbitals are the corresponding antibonding orbitals of the 1 orbitals.
The vertical excitation energies calculated at the MRCI level of theory with the TZ2P͑2SP͒ and cc-pVTZ basis sets are summarized in Table IV . The vertical excitation energies were calculated with both the multireference Davidson and Pople corrections for higher excitations. In Table IV , only the Davidson corrected results (ϩQ) are included; however, we did find that the Pople corrections agreed well with the Davidson corrections to within 0.01 eV in all cases. Based on the vertical excitation energy values, the ordering of the excited states is 2 2 ⌸, 1 2 ⌬, 1 2 ⌺ Ϫ , and 1 2 ⌺ ϩ . To evaluate whether the inclusion of scalar relativistic effects would change the order of these states, the vertical excitation energies were recalculated using relativistic effective core potentials ͑ECPs͒. The ECP basis set for bromine 32 was used with the cc-pVTZ basis set for oxygen in the calculations. The results shown in Table IV show that the order of these states is not changed by scalar relativistic effects, nor are the vertical excitation energies significantly affected.
As can be seen in Table III , the main configuration for the 2 2 ⌸ state is (Core)9 2 10 2 11 2 1 3 2 4 , which is derived from a 1→2 electron transition relative to the ground state configuration (Core)9 2 10 2 11 2 1 4 2 3 . The vertical excitation energy for the 2 2 ⌸ state is 3.81 eV ͑i.e., 325 nm͒ with the TZ2P͑2SP͒ basis set, and 3.94 eV ͑i.e., 315 nm͒ with the cc-pVTZ basis set, which is consistent with the experimental finding that the X 2 ⌸→A 2 ⌸ absorption spectrum is in the 280-380 nm region. The difference between our calculated vertical excitation energy ͑MRCI͒ for the 2 2 ⌸ state and the experimental strongest absorption feature around 338 nm ͑i.e., 3.67 eV͒ is 0.14 eV with the TZ2P͑2SP͒ and 0.30 eV with the cc-pVTZ basis set. This suggests that the TZ2P͑2SP͒ basis set is more appropriate than the cc-pVTZ for the vertical excitation energies. This may be due to the fact that the TZ2P͑2SP͒ basis set includes two sets of sp diffuse functions, but the cc-pVTZ basis set does not include any additional diffuse functions.
The 1 2 ⌬ and 1 2 ⌺ Ϫ states have the same main configuration, (Core)9 2 10 2 11 2 1 4 2 2 12 1 , which derives from the electron transition 2→12 relative to the ground state. The 1 2 ⌺ ϩ state corresponds to the electron transition 11→2. As far as we know, there is no experimental vertical excitation energies available for the excited states (1 2 ⌬, 1 2 ⌺ Ϫ , and 1 2 ⌺ ϩ ͒. 
Potential energy curves for doublet states of BrO
In order to understand the mechanism of predissociation for the A 2 ⌸ excited state, the potential energy curves for the ground state and several low-lying excited doublet states were computed at the MRCIϩQ/aug-cc-pVQZ level of theory and are shown in Fig. 1 .
The MRCIϩQ/aug-cc-pVQZ calculations provide the most consistent results about the potential energy curves of the ground state, 1 2 ⌸, and the four low-lying excited states, 2 2 ⌸, 1 2 ⌬, 1 2 ⌺ Ϫ , and 1 2 ⌺ Ϫ . The ground state has a minimum around 1.7 Å and dissociates to O( 3 P)ϩBr( 2 P). Compared to the ground state, the first excited state (2 2 ⌸) has a minimum at a larger Br-O distance around 2.0 Å, which is consistent with the electronic transition 1→2. As previously discussed, 1 is the bonding molecular orbital between the 4p orbital of Br and 2p of the O atom, while the 2 is the corresponding antibonding molecular orbital. The electronic transition from 1 to 2 weakens the Br-O bond and lengthens the Br-O distance. The bound 2 2 ⌸ state diabatically correlates to the dissociation limit that yields the products Br( 2 P)ϩO( 1 D); however, there are a total of five repulsive doublet states, the 1 2 ⌬, 1 2 ⌺ Ϫ , 1 2 ⌺ ϩ , 2 2 ⌺ Ϫ , and the 3 2 ⌸, that intersect the 2 2 ⌸ state ͑i.e., the A 2 ⌸͒ at Br-O bond distances between 1.9 and 2.4 Å. Just as in the case of ClO, 33, 34 these intersections result in predissociation to products on the ground state surface, namely Br( 2 P) ϩO( 3 P), and the predissociation characteristic of the A 2 ⌸ potential energy curve is the reason for the diffuse vibrational structure of the X 2 ⌸→A 2 ⌸ absorption spectrum. While a detailed investigation of the predissociation mechanism of the A 2 ⌸ state of BrO is beyond the scope of the present work, calculations are currently being carried out that include both the accurate determination spin-orbit and nonadiabatic derivative coupling matrix elements required for the theoretical calculation of predissociation linewidths.
Spectroscopic constants for the A 2 ⌸ state of BrO calculated at the MRCIϩQ/aug-cc-pVQZ level of theory are also shown in Table II . The effects of spin-orbit coupling on this state are also relatively strong, with shifts of the equilibrium excitation energy (T e ), bond length, and harmonic frequency of Ϫ0.06 eV, ϩ0.002 Å, and Ϫ54 cm Ϫ1 (A 2 ⌸→A 2 ⌸ 3/2 ). Vertical excitation energies calculated at the same level of theory ͑without SO coupling͒ are also shown in Table IV and are in good agreement with the previously discussed MRCI calculations. The inclusion of SO effects, while increasing the number of electronic states (10 LϪS states →15 ⍀ states), does not qualitatively change the ordering of the electronic states.
C. Quartet excited states of BrO
Potential energy curves for the quartet states of BrO are shown in Fig. 2 . Similar to the case of ClO, all of the quartet states are repulsive except for the low-lying 1 4 ⌺ Ϫ state, which is bound and represents the first excited state of BrO with a calculated vertical excitation energy at the MRCIϩQ/aug-cc-pVQZ level of theory of 2.88 eV. The other quartet states all have vertical excitation energies above 5.7 eV. The 1 4 ⌺ Ϫ state has not been observed experimentally, however while the X 2 ⌸→1 4 ⌺ Ϫ transition is formally spin-forbiden the spin-orbit coupling in BrO may be sufficiently strong to facilitate its observation.
IV. CONCLUSION
In this work, using high level ab initio methods ͑CASSCF and MRCI͒, we have computed the potential energy curves and vertical excitation energies for many of the excited states of BrO, including the 2 2 ⌸, 1 2 ⌬, 1 2 ⌺ Ϫ , and 1 2 ⌺ ϩ . The possible electronic states leading to the predissociation of the 2 2 ⌸ state has been uncovered. Strongest feature in the experimental absorption spectrum.
